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Abstract: As part of the recent electrification of the transportation industry, internal combustion
engines are being coupled with or replaced by electric motors. This movement towards an electrified
drivetrain poses new noise, vibration, and harshness (NVH) challenges related to electric motors. In
this paper, the acoustic signature of an electric motor was analyzed to obtain a better understanding
of the sound generated by these motors. This work provides an insight into an acoustic measurement
technique that can be used to identify certain frequency bands that significantly contribute to the
perceived sound. In the first part, the structural response of the motor was correlated with its acoustic
spectra. Furthermore, data from acoustic and structural measurements were used to analyze the
order content of the signal and identify critical contributors to the overall perceived sound. The
differences between data captured by microphones in different positions around the motor helped
to localize components of the overall sound. The results provide some discussion about techniques
to decrease the overall sound. The technique described in this paper can be extended to fan-cooled
motors that are used in vehicles such as golf carts or as auxiliary motors in electric/hybrid vehicles,
as well as across a wide range of industrial applications.
Keywords: NVH; acoustics; electric motors; noise; sound source localization; vibrations
1. Introduction
The automotive industry is at the forefront of the electrification movement, and electric
motors are being considered as alternatives to internal combustion (IC) engines. An electric
vehicle (EV) is quieter than an IC engine-powered vehicle. However, removing the IC
engine reveals many other noise sources that were previously masked by the IC engine.
The noise from road, wind, and powertrain are three major sources of noise in EVs. Electric
motor noise or noise from the powertrain is significant at low speeds [1,2]. Despite low
sound levels of EVs, high-frequency sounds from electric motors are known to produce a
tonal sound that could prove to be a challenge from an NVH standpoint [2,3]. Furthermore,
it has been shown the annoyance in motors has a strong inverse correlation to the quality
and price [4]. Therefore, it is desirable to study the acoustic and structural response of
motors to identify approaches for noise reduction or improve sound quality.
Researchers have used simulation techniques to reduce the effect of electromagnetic
(EM) forces on the overall sound of the motor. EM simulation is imperative to predict
radial and tangential forces in the air gap between the stator and rotor that cause the stator
to deform and the housing to vibrate. Simulation models to analyze switched reluctance
motors [5], permanent magnet motors [6,7], and induction motors [8] are already being
developed. The forces from the EM simulation are used in acoustic and structural analyses
to predict overall sound pressure levels (SPLs) from the motor and operating deflection
shapes. These data were used to minimize interference with structural resonances [9].
While simulation and optimization of electric motors are of utmost importance before a
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design goes into production, experimental testing helps validate the simulation results and
suggests further improvements to the overall functioning.
Experimental testing on electric motors is an integral part of the overall design phase.
Experimental modal analysis and acoustic testing is used for vibration analysis of compo-
nents and systems using both contact [10] and non-contact measurement techniques [11,12].
Most of the published empirical NVH research on electric motors studies the correlation of
the test data to simulation studies [13–15]. Using vibration analysis for fault detection in
electric motors is an area of ongoing research that helps tackle post-production noise and
vibration-related issues [16–20]. Noise generated by rotating blades can be used for fault
detection [21] and health monitoring. Researchers have used machine learning techniques
to help in fault detection using acoustic data [22,23]. Acoustic microphone arrays have also
been used to determine the sound intensity levels of a motor [24] and damage detection
in wind turbines [25]. Most acoustic solutions and packages that are developed to reduce
motor noise, especially during or just before the mass production phase, treat the path of
sound rather than the source itself. With the help of sound-absorbing packages such as
motor encapsulations [26] or software fixes that alter the inverter switching frequency to
avoid exciting certain stator resonances, manufacturers can effectively reduce the electric
motor’s contribution to the overall sound heard in a vehicle’s passenger cabin. However,
reducing the sound generated by the electric motor can be much more effective than reduc-
ing the noise in the transfer path. Correlating the structural response of an electric motor
to its acoustic response is very desirable for noise reduction and geometry optimization,
but this has not been studied in the literature.
This paper investigated the correlation between structural and acoustical phenomena
to identify some of the main contributors of sound generated by a three-phase AC induction
motor. The work provides EMA (experimental modal analysis), OMA (operational modal
analysis), and acoustic response of an electric motor. The paper also provides suggestions
to reduce the overall perceived sound from an electric motor. Order analysis was also
performed to provide an understanding of the content of the acoustic response. In the
first phase, a modal analysis of the motor housing fixed at the base was performed using
the impact hammer modal technique. Operational modal analysis was conducted on
the motor running at a synchronous speed of 1800 RPM under no load. In the second
phase, an acoustic signature analysis of the motor was carried out in a semi-anechoic
chamber using microphones aligned in different directions and spaced equidistantly from
the acoustic center. The data from microphones were used to make an estimation of
sound contribution from different parts of the motor to localize the main source of sound
generation. The structural and acoustic measurements were then correlated to identify the
major contributors of the overall sound using spectral and order analysis.
2. Noise from Electromagnetic Force
In the development of electric motors for electric vehicle drive systems, there is
increasing concern over the noises from motors. Electric motor noise sources can be
grouped into three categories, namely, mechanical, electromagnetic, and aerodynamic.
Mechanical noise arises from components such as bearings. Electromagnetic noise is a
result of the interaction between electromagnetic flux waves and the resonance frequencies
of the stator core. Aerodynamic noise is attributed to the sound generated by the passage
of air around/through the motor [27].
An AC induction motor is made up of two main parts: the stator and the rotor. The
polyphase windings on the stator, when fed with current, generate a rotating magnetic field
in the air gap that induces a current in the rotor windings. The current in the rotor generates
a magnetic field that interacts with the stator field, finally resulting in electromagnetic
torque. The electromagnetic force has a radial and tangential component. Many researchers
only consider forces in the radial direction as the primary source of stator deformation
and vibration [28–30]. Magnetic permeability is the ability of an object or material to
support the formation of magnetic fields, and because the magnetic permeability of the
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ferromagnetic core is much higher than that of the air gap, the magnetic flux lines are
practically perpendicular to the stator and rotor cores, making the tangential component
much smaller than the radial component.
The stator–frame or stator–enclosure structure is the primary radiator of the machine
noise. If the frequency of the radial force is close to or equal to any of the natural frequencies
of the stator–frame system, resonance occurs, leading to the stator system deformation,
vibration, and acoustic noise [31].
2.1. Structural Test Setup
This section discusses the structural testing of the motor. To find structural sensitivities
and resonances that could potentially be excited during the motor’s operation, we per-
formed experimental modal analysis (EMA) on the motor housing using the roving impact
hammer technique. More information about the EMA and OMA can be found at [32,33].
A single-axis accelerometer was used to measure the response (see Figure 1). A total of
72 points were impacted in the radial direction, and the motor was fixed at the base. Load
bearings act as a transmission path for structural vibrations, and the accelerometer was thus
positioned close to the load bearings to ensure that most of the vibrations being transmitted
to the housing through the bearings were captured. In the operational modal analysis, only
the response is used, and the reference load is not measured. For the OMA (operational
modal analysis) at a synchronous speed of 1800 RPM under no load, operational data were
collected using a stationary accelerometer at point 54 (the same accelerometer location as
seen in Figure 1) as a phase reference. An additional uniaxial accelerometer was roved
over the other points. Acceleration data were sampled at 16,384 samples/second. The
operational data collected as part were processed to extract the operational deflection
shapes from the frequency domain in order to understand the motor’s vibration pattern
during operation. Spectra generated with a phase referenced signal ensured that phases
between the fixed and roved accelerometers were properly accounted for.
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2.2. Test Setup for Acoustic Measurement
For this work, a semi-anechoic chamber was used to acoustically characterize the
behavior of a three-phase induction motor. The dimensions of the semi-anechoic chamber
were 3.5 × 3.5 × 3.0 m, and its cut-off frequency, or the lowest frequency at which the
chamber exhibits anechoic characteristics, was 140 Hz. Three microphones were used
to collect acoustic data, namely, the microphone facing the shaft side, the microphone
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facing the fan side, and the microphone radially aligned with the motor housing, as seen
from Figures 2 and 3. More information about the test setup can be found in [34]. The
motor was set on an optical table and fixed at the base using fasteners (to replicate its
operating condition), and the microphones were set 400 mm away from the acoustic center.
A windscreen was used on the shaft side microphone to lessen the impact of wind noise
due to the deflection of air by the end bracket around the fan.
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Figure 3. Schematic of motor setup and microphone positions.
The motor was then powered using a variable-voltage variable-frequency inverter
to enable a range of operating speeds by changing the line frequency to the otor. The
switching frequency of the pulse-width modulation (PWM) used was 10 kHz. Because
the variable-voltage variable-frequency inverter was placed outside the semi-anechoic
test chamber, components in the circuit producing the tonal sound due to electromagnetic
excitation at the switching frequency were well isolated. On the other hand, in an electric
vehicle, care must be taken to isolate the effect of the PWM’s switching frequency from the
main cabin.
Acoustic measurements were taken at line frequencies corresponding to 600, 900,
1200, 1500, and 1800 RPM at no load, and they are compared to each other as explained
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in Section 4. Sound pressure data were sampled at 16,384 samples/second, and each
measurement lasted for 60 s. A fast Fourier transform (FFT) was performed to analyze the
measured sound pressures in the frequency domain. Each operating condition was carried
out three times to ensure that the behavior of the motor was consistent at a given speed.
3. EMA and OMA Results
Figure 4 presents the summation of frequency response function (FRF) measured on
all 72 impacted points. A can be seen in Figure 4, there were some prominent flexural
modes at 424, 1048, 1164, 1704, and 3412 Hz. The low-frequency peak at 71 Hz in Figure 4.
can be attributed to the rigid body frequencies associated with the motor and the base. As
shown in Figure 4, the operational modal analysis (OMA), measured using two uniaxial
accelerometers that measured acceleration in the radial direction and an optical tachometer
with a ±1% uncertainty at 1743 RPM (29 Hz), highlighted the resonances of experimental
modal analysis at 424, 1048, and 1164 Hz. Resonances at 1704 and 3412 Hz observed in the
EMA were not well excited at the 1743 RPM operation of the motor.
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Figure 4. FRF summation from EMA and cross power summation from OMA.
In addition to these frequencies, the OMA revealed increased levels of vibration,
especially around 1439 and 2787 Hz. The resonances at around 425 and 1439 Hz from the
OMA could be an effect of stator deformations that can be attributed to radial dynamic
electromagnetic forces generated in the air gap between the rotor and stator. The radial
electromagnetic force is directly proportional to the normal component of the flux den-
sity, which is represented by Tesla (T), and inversely proportional to the permeability of
free space.
A simplified motor geometry, as seen in Figure 5, was created in LMS Test.lab using
nodes and triangular surfaces in order to animate the operating deflection shapes. Op-
erating deflection shapes at a synchronous speed of 1800 RPM under no load shown in
Figure 6a–e help visualize deformation at different points on the motor at some of the nat-
ural frequencies highlighted in Figure 6. At approximately 424 Hz, as seen from Figure 6a,
the housing and the end bracket deformed and caused a yawing motion. The deformation
at 1439 Hz, seen in Figure 6b, was dominated by a partial ovalization of the end bracket.
Both these lightly damped natural frequencies could be a product of electromagnetic exci-
tation. At 1943 Hz (Figure 6d), the entire housing was seen to be deforming in a breathing
motion, in which the majority of points deformed in phase in the radial direction. Figure 6
shows the operating deflection shape at 2787 Hz, which was a more complex deformation
of both the housing and the end bracket.
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A driving point FRF on the face of the shaft side of the motor housing, as seen from
Figure 7, was also calculated, revealing two prominent resonances at 1830 and 3300 Hz.
The intent of carrying out these structural measurements was to eventually correlate with
measured acoustic data in the semi-anechoic chamber.
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Figure 9. Acoustic auto-power spectrum from a microphone aligned in motor’s radial direction with
RMS dB(A) values at 600, 900, 1200, 1500, and 1800 rpm.
Comparing the auto-power spectrums calculated from the data captured at five dis-
crete speeds by the radially aligned microphones (Figure 9), we found that a different set
of resonance frequencies contributed to the acoustic signature of the sound traveling in the
radial direction. Peaks at 1400, 1800, 2522, 3248, 3968, and 4620 Hz were some of the peak
responses that particularly stood out. Three of these five frequencies can be correlated back
to the operational modal analysis that was performed at 1800 RPM. The operational modal
analysis especially highlights resonances at 1439 and 2644 Hz. The resonance around
1400 Hz can be considered as a major contributor to the overall sound perceived. Zooming
in to the spectrum below 1000 Hz, as seen in Figure 10, revealed the fundamental fan
blade passing frequencies (green circles) at the different speeds and their first harmonics
(red circles). As shown in Figure 10, the fan blade passing frequencies had the highest
amplitude levels for any given speed.
The auto-power spectrum calculated from the fan-side of the motor, as seen in
Figure 11, highlighted most peaks that were observed in the two other directions. A
zoomed-in view of the spectrum (Figure 12) shows fan blade passing frequencies marked
by green and red circles and an apparent resonance close to 470 Hz. This resonance at
around 470 Hz can also be seen in the cross-power and summed frequency response
function plots from the structural analysis.
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Figure 10. Zoomed-in acoustic auto-power spectrum from microphone aligned in motor’s radial direction.
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4.1. Sound Source Localization Using Overall SPL from Positional Microphone Data
The overall sound pressure level from the three microphones, as seen from the
schematic in Figure 3, were calculated as a function of time. It can be seen from the
data in Table 1, the SPL generally increased with an increase in RPM (SPL at 600 and
900 RPM on the shaft side, however, were found to be identical). The sound measured at
the fan end and the shaft end of the motor was especially higher than the sound measured
in the radial direction. Upon a closer comparison of the fan and shaft side SPL values, it
is interesting to note that at low speeds of 600 and 900 rpm, the SPL at the shaft end was
greater than if not equal to the SPL at the fan end. For speeds above 1200 RPM, the fan
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side of the motor seemed to be the major contributor to the overall SPL. The SPL on the
fan side of the motor was 1 to 5 dB higher than what was measured in the radial direction
for speeds above 1200 RPM. This difference in SPL levels at the fan end of the motor helps
realize the effect that it had on the overall sound perceived.
Energies 2021, 14, x FOR PEER REVIEW 10 of 16 
 
 
Hz can also be seen in the cross-power and summed frequency response function plots 
from the structural analysis. 
 
Figure 11. Acoustic auto-power spectrum from fan side microphone with RMS dB(A) values at 600, 
900, 1200, 1500, and 1800 RPM. 
 
Figure 12. Zoomed-in acoustic auto-power spectrum from fan-side microphone. 
4.1. Sound Source Localization Using Overall SPL from Positional Microphone Data 
The overall sound pressure level from the three microphones, as seen from the sche-
matic in Figure 3, were calculated as a function of time. It can be seen from the data in 
Table 1, the SPL generally increased with an increase in RPM (SPL at 600 and 900 RPM on 
the shaft side, however, were found to be identical). The sound measured at the fan end 
and the shaft end of the motor was especially higher than the sound measured in the radial 
direction. Upon a closer comparison of the fan and shaft side SPL values, it is interesting 






















































Figure 12. Zoomed-in acoustic auto-power spectrum from fan-side microphone.
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Table 1 helps narrow the foc s down on the fan end of the motor, which se med to
have the greatest impact on the overall sound. The order analysis of the signal in the next
section helps to break down some oth contributors to the sound.
4.2. Order Analysis of Acoustic and Vibration Data
Or r an lysis was ca ri d out by concate ating the individual measurement runs at
synchronous speeds o 600, 900, 1200, 1500, nd 1800 RPM. A han held laser ac om ter
was us d to me sure RPM. T e average rd r spectrum was c lc lated for th acoustic
signals nd th vibratio s gnal on the mot r ho sing. As shown in Figure 13, the averaged
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order spectra of SPLs measured using the three microphones clearly highlighted the
fan blade passing 11th order (11 fan blades) and its first harmonic at 22 (2 × 11). The
high amplitudes for low-frequency vibrations are less likely to be heard, owing to the
hearing range of humans. An A-weighted filter on the spectra would attenuate the lower
frequencies that are dominant in the spectra below but are not a true representation of
human hearing. The fact that the fan blade passing orders were highlighted in all three
microphones suggests that isolating fan noise could make a significant impact on the
perceived sound.
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The fourth-order vibration seen from the spectrum could be associated with the num-
ber of poles of the motor, four in this case, and is most likely linked to the electromagnetic
interaction between the stator and rotor. The frequency corresponding to this fourth order
was twice the electrical line frequency (2X line frequency). The 3.1st order and its harmonics
(12.3rd, 15.4th, and 21.5th orders) could be the result of a fault in the bearing outer race.
SKF listed some bearing fault frequencies at 1500 RPM (25Hz) [36] and showed that a 3.1st
order can be the result of a fault in the outer race of the bearing (76.3 Hz/25 Hz = 3.1).
The effect of high-frequency radial force slot harmonics due to interactions between
rotor and stator harmonics can also be seen from the order analysis in Figures 13 and 14. The
slots carrying the conductors in an induction motor generate a vibration force as they create
unbalanced magnetic forces of attraction, resulting from an effective variation of reluctance
in the magnetic circuit as a function of the rate of stator and rotor slot passing [18]. The
frequency of radial forces for the four-pole induction motor used in this study, having







= fm(kzrt ± 2p)± 2 fs (1)
where fr is the radial force-frequency; fl is the line frequency; p is the number of pole pairs;
s represents slip; zrt is the number of rotor bars; fm is the rotational frequency; fs is the slip
frequency; and k can assume positive integer values of 1, 2, 3, etc.
The term (kzrt ± 2p) in this scenario can be 40 or 48 at k = 1, which corresponds to the
40th or 48th order. These slot harmonic effects will be present in a healthy motor, owing to
the presence of slots in the design, and changing the load on the motor should change the
amplitude of the order associated with this effect.
5. Conclusions
Electric motors pose a different set of NVH challenges in comparison to the internal
combustion engine, and the procedure to identify noise sources described in this paper can
help better understand some of the contributors to the overall sound. Through structural
analyses (i.e., modal analyses) and acoustic data processing (i.e., sound pressure auto-
power spectra), this paper aimed to make a correlation between the vibration of the motor
housing and the sound captured by localized microphones. The correlation highlights
certain resonances during normal operation of the motor under no-load that can be said to
be significant contributors to the overall sound perceived. The resonances excited could
very well be an effect of dynamic electromagnetic forces in the air gap between the stator
and rotor. Some resonance frequencies, such as the shaft-side face resonances around 1800
and 3300 Hz, helped to identify possible breathing mode shapes that are only captured by
the microphone facing the shaft-side of the motor.
The comparison of overall sound pressure levels between the three different micro-
phones led us to believe that the fan side of the motor was the loudest. The acoustic
average order spectra were also consistent with what was found from the SPL comparison
in that the fan blade passing fundamental frequencies, and their first harmonics were
seen in all three directions analyzed. The 11th and 22nd order peak values also increased
with an increase in motor RPM. This strongly suggests that tackling fan noise could help
reduce the overall perceived sound. Bearing faults could also lead to increased levels of
motor noise and usually contain harmonic content that can also interfere with structural
resonances and accelerate wear. The fan-blade passing frequency and a possible fault in
the outer race of the bearing were clearly the most prominent phenomena that the acoustic
spectra underlined. Tonal frequencies such as the fan blade passing frequency could also
be heard when the overall background noise was 10 dB higher, and efforts should hence
be made to attenuate them. The 48th order electromagnetic component generated due to
high-frequency radial-force slot harmonics that were a product of the interactions between
rotor and stator harmonics was observed in both the vibration and acoustic spectra. The
amplitude of this component did not suggest an underlying issue, but changes in load,
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manufacturing defects, and poor motor designs could increase its influence on the overall
perceived sound. This work was performed on a no-load motor. Under load, we can expect
to see a similar envelope of the spectrum with amplified magnitudes and some critical
frequencies shifting depending on the interaction with the loaded machine. It should be
noted that the natural frequencies of the structure did not change due to load; however, the
excitation frequency of the magnetic force can change by the applied load. The fan noise can
be limited using encapsulation, active noise canceling, and sound-absorbing materials, or
modifying the geometry. Furthermore, the geometry of the stator and rotor can be modified
to ensure the natural frequencies of the motor were not close to the excitation frequencies.
While the proposed methodology did not directly tackle vibro-acoustics due to elec-
tromagnetic forces in the air gap, it provides an insight into a unique workflow to identify
noise sources that constitute a major proportion of the acoustic signature of the motor. The
technique described in this paper can surely be extended to fan-cooled motors that are
used in vehicles such as golf carts or as auxiliary motors in EV/hybrid vehicles, as well as
across a wide range of industrial applications.
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